Parkinsonia aculeata is an invasive tree native to tropical America, but introduced to Australia. Propagation and stand regeneration is mainly by seed. To gain baseline knowledge for management decisions, seed bank dynamics were monitored for two months during the fruit dispersal period at a coastal wetland in Costa Rica (native habitat), and at a coastal wetland and two semi-arid rangeland sites in Northern Queensland, Australia (introduced habitats). Seed bank densities underneath dense, uniform Parkinsonia stands were found to be lowest in the Australian wetland but highest in the Costa Rican wetland. Postdispersal seed losses were highest in the Australian wetland, primarily due to seed germination and/or death. At the other sites, seed losses were minor during the study period, and predation was the most important cause of losses. At the two rangeland sites bruchid beetles accounted for more than 95% of the seed losses by predation. Total predation was lowest in the Costa Rican wetland. In order to test for intrinsic differences of seed characteristics, germination trials were conducted using both canopy seeds and seeds from the soil seed bank. Dormancy release and germination rate were studied under four temperature treatments. In all populations, dormancy release increased with increasing temperature, but averaged responses were significantly different between Costa Rican and Australian seed populations, and between seeds collected from the soil and from trees. Germination rate of scarified seeds was fastest at 35°C in all tested seed populations. While high seed germination levels seem to explain low seed bank densities in the Australian wetland, the large seed banks at the rangeland sites reflect the lower incidence of favourable conditions for germination. In the Australian wetland biocontrol with bruchids is unlikely to be successful, while control by conventional methods, such as killing stands by basal bark spraying, seems feasible, due to a lower long-term risk of re-infestation from the soil seed bank. At the rangeland sites conventional control will be difficult and costly. Parkinsonia stands may be better left to their own, while bruchid populations are monitored and management efforts are concentrated on preventing further invasion.
Introduction
The importance of seed ecology and seed bank dynamics in the battle against invasive plants is widely recognised (Lonsdale et al. 1988 ; Van der Valk and Pederson 1989; Cousens and Mortimer Yet, seed bank dynamics of many important invasive plants are still poorly studied and most studies have focused on certain aspects of the seeds' life history rather than the overall trends in seed budgets in time and space (Humphries et al. 1991; Grice 1996; Weber 2003) . For management of a noxious plant it is, however, necessary to understand its reproduction cycle in order to identify the crucial stages where recruitment success may be limited, and where control measures may be effective. In addition, it is necessary to know variations in the reproduction cycle under different environmental conditions in order to understand why control measures may be effective at one site, but fail at another site (Cousens and Mortimer 1995) .
Parkinsonia aculeata L., a spiny, leguminous tree, is native to tropical semi-arid America, but has been introduced to other parts of the world as a resource for wood production in arid regions or as an ornamental and shade tree (Weber 2003) . In some countries the plant is still viewed as a potentially useful wood resource (e.g. Zodape 1991; Teketay 1996; Foroughbakhch et al. 2000) , but in Australia it has become invasive and is a declared plant (Humphries et al. 1991) . Since its introduction in the late 19th century Parkinsonia has spread into many wetlands and along rivers of the dry tropics from Queensland to Western Australia, forming dense thickets and restricting access of stock to drinking water (Woods 1988) . In Central Queensland it is a threat to waterbird habitats of national significance (Humphries et al. 1991) . Parkinsonia is also becoming a problem in the wetlands of Palo Verde National Park in Costa Rica where the plant is native (Vaughan et al. 1994) . Since the early 1980s the centre of Palo Verde Lagoon has been extensively invaded by Parkinsonia thickets. Pods of Parkinsonia are transported on water, and seedling establishment on elevated ground in the lagoon appears to be increasingly successful after introduction of the Eurasian weed Typha dominguensis in the late 1970s (M. Quesada pers. comm.).
In Australia, Parkinsonia was initially controlled by basal bark spraying (Woods 1988) . However, the remoteness of many infestations and low land use meant that conventional control was often impractical and uneconomic (Woods 1988) . Hence, research has mainly focused on the search for and establishment of a suitable biocontrol agent (e.g. Woods 1988; Donnelly 1994; Flanagan et al. 1996; Briano, et al. 2002) . Two American bruchid beetles, which are specific hosts of Parkinsonia seeds, have been released in Australia. Mimosestes ulkei Horn, introduced in 1993 from Arizona, has shown little success in establishment at most release sites (QDNR 1998) . Penthobruchus germaini Pic., introduced in 1995 from Argentina, has shown promise as an effective biocontrol agent against Parkinsonia with high reported predation rates (up to 99.5% seed losses at some sites; QDNR 1998).
If biocontrol with P. germaini is indeed almost 100% effective, then Woods (1985a) has suggested that Parkinsonia stands may be expected to decline naturally over time as a result of insufficient recruitment and natural depletion of the soil seed bank. Clearing may then be counterproductive and a waste of resources as it may trigger the persistent soil seed bank to germinate, enhance seedling growth, and exterminate the bruchid population that mainly depends on the canopy seed pool. Effectiveness of biocontrol is, however, unlikely to be uniform over the distributional range of Parkinsonia. Seed loss to predators has been observed to vary significantly along several climatic and environmental gradients which suggests that predators often contribute to the extensive spatial heterogeneity observed in seed rain and seed banks of many plant species (Louda 1989) . Minor changes in temperature can have significant effects on fecundity, longevity, developmental times, survivorship and body size of bruchids (cf. Kistler 1982; Kistler 1995) , and therefore indirectly affect the seed bank of the food plant. Seed beetle populations may themselves be controlled by parasitoid wasps (Southgate 1979) , whereby the success of these wasp populations and their impact on bruchid populations may again vary along certain gradients (cf. Ouedraogo et al. 1996 ). An important question for management is whether biocontrol by seed beetles is sufficient alone, or whether it is advisable to continue to control Parkinsonia by mechanical means while the distribution of some infestations is still limited.
According to Johnson and Siemens (1996) Mimosestes spp. only oviposit on pods that are still on the plant, but Traveset (1991a) found that M. mimosae and M. nubigens also attacked some pods on the ground, even though canopy pods were much preferred. P. germaini has been observed to oviposit on seed pods on the ground (QDNR 1998) and also on bare seeds in the laboratory (R.C. pers. obs.). Nevertheless, fallen pods may easily escape bruchid detection and infestation. In wetlands, for example, Parkinsonia is often standing in water during the fruit dispersal period, and pods falling into the water may escape infestation, or beetle larvae may be drowned before killing the seed embryos. The rate of seed drop as well as the rate of beetle infestation may therefore influence the success of bruchid biocontrol.
If biocontrol is not effective, then other seed ecological parameters may be more important for management. Seed production with regard to resource availability was explored at Palo Verde by Wyatt (1981) . His data showed a lower average seed/pod ratio of Parkinsonia trees growing in a seasonally dry swamp as compared to a nearby wetter swamp, but he did not actually assess total seed production per area. Seed bank densities and field germination rates have not yet been assessed for Parkinsonia (Palmer 1996 ; A.C. Grice pers. comm., J.S. Vitelli pers. comm.). Laboratory trials showed that Parkinsonia seeds are impermeable to water, and there was no evidence of physiological dormancy (Woods 1988; Everitt 1983; Alvarez Rangel 1984a) . Under favourable moist conditions, dormancy of most seeds was broken by long exposure to temperatures between 30 and 45°C (Alvarez Rangel 1984b) . Reported seed germination percentages of untreated seeds (Mohnot and Chatterji 1965; Everitt 1983; Woods 1988; Alvarez Rangel 1984a; Zodape 1991; Teketay 1996) indicate that seed populations from different regions had different responses to water absorption. Such differences in germination characteristics may be reflected in the soil seed banks of the respective sites, and, consequently, assessment of those differences is primary to any management strategy. Vitelli and Donnelly (1995) noted that clearing of mature Parkinsonia stands hastened seed germination from the soil seed bank, requiring followup control, either mechanically, chemically, or by use of fire. Thus baseline data of seed bank size and seed germination properties from different sites are required in order to understand the effect of tree clearing, and how long it may take to deplete the seed bank.
The aim of this study was to provide important baseline information on Parkinsonia seed bank dynamics, and to demonstrate its relevance to management of this invader. Our main objective was to explore to which degree several ecological factors affect Parkinsonia soil seed bank densities at four contrasting sites, one in the native range in Central America (Palo Verde National Park; a coastal, ephemeral wetland), and three in the new range in North Queensland, Australia (one coastal, ephemeral wetland and two semi-arid rangeland sites). We hypothesised that seed bank densities would differ among sites as a result of the variation of (1) total seed production of Parkinsonia stands, (2) age structure of stands, (3) seed predation rate, (4) seed dispersal rate, (5) seed germination rates in the field, and (6) inherent or induced germination properties of seed populations. A second objective was to estimate and discuss the regeneration potential that may be expected from seed banks after tree clearance. A summary of specific hypotheses is given in Table 1 .
Methods

Study sites
Parkinsonia infestations were studied from February to July 1998 in Laguna Palo Verde (PV), the main coastal wetland of Palo Verde National Park, Guanacaste Province, Costa Rica (10.21 N/ 85.17 W; Figure 1 ). This site was selected as it represented a large, well-known bushland dominated by Parkinsonia (in Spanish: 'palo verde'). In North Queensland, Australia, seed bank dynamics were studied in infestations in the coastal wetland of the Townsville Town Common (TC) Environmental Park (19.22 S/146 .76 E; Figure 1 ). Additional seeds for germination trials and the regression study of tree size against seed bank density were collected in the swamps, 15 km to the South near the Cluden (CL) Race Track (19.27 S/ 146.86 E; Figure 1 ). Because of the close proximity of these two sites, the assumption has been made that the seed characteristics would be similar. The two rangeland study sites were located in the Charters Towers region, North Queensland: an extensive infestation along Brigalow Creek near Caerphilly (CA) Cattle Station (21.02 S/146.54 E; Figure 1 ), and an infestation of a paddock near Eumara Springs (ES) Cattle Station (19.75 S/ 145.96 E; Figure 1 ). The Australian sites were all monitored from September 1998 to January 1999.
Infestations of Parkinsonia at Palo Verde and Town Common were patchy but dense, occurring mainly on elevated ground within the ephemeral wetlands. At Town Common the stands were relatively young in contrast to Cluden where large solitary trees were common and younger stands were rather patchy and small. These large trees were a good source for seeds from the soil seed bank. The infestation at Caerphilly was one of the largest and oldest in North Queensland (P. Jeffrey pers. comm.). Individual Parkinsonia trees up to 8 m high were scattered in paddocks and in Melaleuca woodland over several square kilometers, with dense stands common along watercourses. The infestation near Eumara Springs was situated in a low-lying paddock close to an ephemeral swamp. Trees were generally small and occurred in more open stands. Soils at all sites were cracking clays, mostly hydrosols or vertisols (Isbell 1993) .
Both Palo Verde and North Queensland experience a pronounced wet and dry season. Average monthly rainfall and temperature for all sites are There are differences in germination rates between fresh, untreated seeds of Costa Rican and of Australian origin (e.g. inherent, genetically determined differences in the seed coat)
Accept
H8b
In Australia there are differences in germination rates between fresh, untreated seeds from the wetlands (TC, CL) and rangelands (ES, CA) (e.g. climatically induced differences)
Reject
H8c
There are differences in germination rates between untreated fresh CL canopy seeds and older CL canopy seeds from the previous fruiting season ($canopy hardened seeds)
Reject
H8d
In Australia there are differences in germination rates of untreated canopy seeds and seeds from the permanent soil seed bank (e.g. by seed hardening and/or selection in the soil)
Accept
H8e
There are inherent differences in germination rates between fresh, scarified seeds of Costa Rican and of Australian origin (e.g. genetically determined differences)
Possibly accept?
(2) Regeneration potential from seed banks H9 Optimal germination conditions are above average ambient wet season temperatures Accept H10
Older seeds from the seed bank and previous fruiting season are germinating slower and in lower percentages than fresh canopy seeds from the current fruiting season Reject presented in Table 2 . At Palo Verde flowering occurs from December to February and most pods were ripe by the end of February. In North Queensland Parkinsonia flowers from September to October and normally has ripe pods beginning of November but in 1998 seed set was retarded for about 3 weeks, possibly due to unseasonal rainfalls during September/October.
Data collection and analyses
Soil seed banks, seedling banks and seed rain Five permanent 10 · 10 m study plots were selected at Town Common, Caerphilly, and Eumara Springs, and four at Palo Verde. These plots were set up in Parkinsonia stands with a similar structure, and even density (20-30) of young to medium-aged trees. All plots were situated at least 80 m apart. Seedlings of Parkinsonia were counted before seed set, 15-22 February 1998 at Palo Verde, and 30 October to 5 November 1998 at the Australian sites, within six random 1 m 2 quadrats per plot, all quadrats being at least 2 m apart. Subsequently 30 · 30 cm soil samples to a depth of 4 cm were extracted at the centre of each quadrat, and Parkinsonia seeds stored in the seed bank were extracted by sieving. The core holes were refilled with soil, and seed traps were placed on the ground in the centre of the quadrats. These traps, with a ground area of 50 · 50 cm, were made from black, fine nylon netting stapled to a wire frame. Rim height of the traps was 15 cm except at Town Common, where it was 30 cm as some plots were partially flooded up to about 10 cm during the summer rains. The ground nets were covered with some soil and debris to make them look similar to the surrounding ground, so seeds in traps were not visually exposed to predators. The great majority of pods ripened around the same time within each site, and the first ripe pods that were observed dropping to the ground marked the onset of the fruit dispersal period. Seed traps were then surveyed one month after pod maturation (20-26 December 1998 in Australia, 20-22 March 1998 at Palo Verde), and after 2 months (25-27 January 1999 in Australia, 22-26 April 1998 at Palo Verde). 'Potential' seed input into traps (the total number of swellings per pod, i.e. the number of seeds initially produced), and 'actual' seed input (the total of remaining dormant seeds; determined by squeezing and feeling pod swellings and counting naked seeds) were recorded.
Pre-dispersal and post-dispersal seed losses
In each of the plots 20 pods on each of six random branches were tagged with flagging tape around the onset of the fruit dispersal period, 18-23 November 1998 (15-20 February 1998 at Palo Verde). These branches were examined one and 2 months later and the ratio of dropped pods was recorded. At the same time 20 pods were collected from each of six different random branches per plot. These pods were subsequently examined for predation and other causes of seed loss as were the seeds collected in the seed traps. Causes of seed loss were determined as follows: The number of seeds that had imbibed water and had either germinated or died was recorded (seed traps only).
Traces of seed predation on pods by bruchids, parasitoids, moths and ants were recorded (Table 3) . In cases where predation signs on pods were not clear, pods were opened and the hole in the seed was examined. Predation traces that could still not be identified for predator were noted as 'unidentifiable predation'. All other types of seed loss (e.g. pod dehiscence) were recorded as 'other seed loss'. At Caerphilly the pods found in seed traps were color marked during the first survey in order to obtain an estimation during the second survey of how many pods may have been attacked on the ground. The methodology that was used to assess predation was efficient in the field, but it is noteworthy that it recorded the final stage of predation only, which is only a fraction of total seed infestation at any point in time (cf. Discussion). The data showed high variance, were not normally distributed, and normality could not be achieved by data transformation. Therefore nonparametric statistical methods, i.e. Kruskal-Wallis tests and post hoc Mann-Whitney tests, were used to analyze for differences among sites.
Relationship between seed bank density and tree size at Cluden and Caerphilly At each of the two old infestations at Cluden ('wet climate') and Caerphilly ('dry climate') the bole diameter at 30 cm height of 22 reproductive, freestanding Parkinsonia trees were measured between 30th October and 3rd November 1998. Underneath each tree four soil samples (20 cm · 20 cm to a depth of 4 cm) were extracted by spade, systematically situated in the four geographic directions (N, W, S, E) at a distance from the tree bole of about 2/3 of the tree canopy radius. The extracted samples were sieved, seeds collected and pooled for each tree. A regression analysis of seed density against tree bole diameter was performed for each site, and differences between the sites in the slopes and y-axis intercepts of the regression lines were determined statistically. Analyses were performed on log-transformed data.
Seed germination characteristics
Two laboratory experiments were performed on different seed populations. In the first experiment we investigated the ratios of seeds that would break dormancy and germinate under four different temperature treatments (25, 30, 35 , and 40°C) during a given period of time (7 days). In the second experiment we investigated the germination rate of scarified seeds under the same temperature treatments. Seeds from the soil seed banks were only collected in sufficient numbers at Cluden and Caerphilly, and sufficient seeds from the previous fruiting season were only found at Cluden. Canopy seed sources of Caerphilly and Eumara Springs were heavily infested with bruchids, making it difficult to obtain clean seeds. For the first experiment seeds were collected from pods on at least 20 trees at each of the five study sites in late November 1998 (April/May 1998 in Palo Verde). Palo Verde and Cluden seeds were also used for the second experiment. Seeds extracted from the seed banks at Cluden and Caerphilly, and seeds collected from underneath four large trees at each site, were used for both experiments. Old seeds from the previous fruiting season (1997/1998) were collected in late October 1998 from trees at Cluden, to check whether older canopy seeds had a lower germination rate and germination vigor and/ or viability than seeds from the current season. All seeds collected from trees were examined under a microscope for evidence of bruchid penetration, and infested seeds were discarded. Before the start of the experiment 100 seeds of each 'site/source' group (source referring to 'on tree', 'on tree 1 year old' and 'in seed bank') were weighed using a microbalance. Twenty seeds from each group were placed in each of six petri dishes (four for Caerphilly/tree and Eumara Springs/tree) filled with water, whereby three petri dish replications (resp. two for Caerphilly/tree and Eumara Springs/tree) were used in each of two experimental replications. Dishes were placed in controlled temperature cabinets at the four temperature treatments for a period of 7 days. Seeds were kept completely submerged during the experiment. Dishes were checked every 12 hours, imbibed seeds were removed and placed on moist filter paper in a fresh petri dish at 30°C to test for germinability. After about 3 days imbibed, non-germinated seeds were cut in half and the cotyledons were tested for viability using 1% 2,3,5-triphenyl tetrazolium chloride (Yu and Wang 1996) . The total number of imbibed seeds per dish was recorded after 7 days. For equal sets of data a univariate general factorial analysis of variance was used to detect differences of seed imbibition between temperature treatments, sites and sources, whereby data transformation was not necessary. Seeds collected at Palo Verde (source: 'trees'), Cluden ('trees', 'trees, one year old', and 'seed bank'), and Caerphilly ('seed bank') were used for the second experiment. Temperature treatments, cabinets, number of seeds per replicate and number of replications were the same as for the dormancy experiment. Seeds were scarified using fine sand paper, placed into petri dishes and kept completely submerged in water for ten hours under the respective temperature treatment to ensure complete water imbibition by seeds. Subsequently, seeds were taken out of the water and placed on two moist filter papers (water film approximately 1 mm deep) for germination. Seeds were checked every 6 h. Germination was recorded when the radicle length equalled seed length. Ungerminated seeds were tested for viability as previously outlined. Data were examined statistically for differences in germination proportions among different treatments. Since proportions of germinated seeds were sufficiently high in all petri dishes the mean germination time within each petri dish was used as the dependent variable in the statistical analyses. For equal sets of data a univariate general factorial analysis of variance was used to detect differences in seed germination rate among temperature treatments, sites and sources. SPSS 10 Statistical Software was used for all analyses.
Results
Soil seed banks, seedling banks and seed rain
Soil seed densities differed significantly between the sites, and H1a could be accepted (Table 1 ; Kruskal-Wallis test: H = 36.92, df = 3, p < 0.001). Interestingly, median soil seed density was highest at the Costa Rican wetland Palo Verde, but lowest at the Australian wetland Town Common (Figure 2 ). In contrast, median seedling density was highest at Town Common, and lowest at the two rangeland sites (Figure 2 ; H = 62.2, df = 3, p < 0.001). The acceptance of H2 is indicated, since most seedlings in Australia established after the exceptional October rains in 1998 which probably provided optimal conditions for germination and growth at all sites (Table 1) . Two months after the onset of fruit dispersal 'potential' seed input into the seed traps was not very different among sites (Figure 3 ; H = 8.10, df = 3, p = 0.044), and H3 could clearly be rejected since seed rain at rangelands was not lower than at wetlands (Table 1) . 'Actual' seed input mirrored, however, the previously observed seed densities in the soil seed bank (Figure 3 ; H = 56.72, df = 3, p < 0.001). 
Entomological records
In Australia, P. germaini was clearly the dominant seed predator of Parkinsonia. No evidence of predation by Mimosestes ulkei was found at the Australian sites. At Palo Verde Mimosestes amicus Horn was collected, but Mimosestes mimosae Fabricius may also occur on Parkinsonia (Table 3). Larvae of a moth often found in cereals were also recorded as a seed predator of Parkinsonia at the Australian sites (Table 3) . Stenocorse bruchivorus Crawford was the most common parasitoid at Palo Verde, whereas Dinarmus simus Girault appeared to be the only parasitoid wasp at the Australian study sites (Table 3) .
Pre-dispersal and post-dispersal seed losses
Predation was the most important cause of predispersal seed losses with up to 46% median seed predation at Caerphilly after 2 months (Figure 4) . Lowest predation levels were observed at Palo Verde (p < 0.001 for all paired site comparisons with Palo Verde), hence H4a was accepted (Table 1). Interestingly, median predation levels were highest at Town Common after one month (p < 0.001 for all paired comparisons), while increases during the second month were small as compared to the dramatic increases at the two rangeland sites (Figures 4 and 6 ). On this basis H4b was accepted (Table 1 ). In contrast, median predation levels in seed traps after 2 months were below 12% at all sites (Figure 4 ). Only 6 new emergence holes of P. germaini were counted on the marked pods at Caerphilly. The data, therefore, indicated that, up to this stage of seed dispersal, bruchids had barely attacked pods on the ground, neither in Costa Rica nor in Australia. Pods were infested while on the trees, and beetles emerged before or after pod dispersal. The only proof that P. germaini actually uses soil seed sources came from the soil seeds collected before the fruiting season during the tree/seed bank regression study (cf. Methods): bruchids emerged from 12 out of 1318 seeds collected at Caerphilly. Thus at this stage, H4c could not be accepted (Table 1) .
Bruchids were the most important predators at all sites except Town Common, where moths were equally important ( Figure 5 ). At Town Common many seeds from the tree canopy were, furthermore, observed to be preyed by very small (ca. 1 mm long) ants ( Figure 5 , Table 3 ). Also at Town Common a fair proportion of seeds was lost to unknown predators, possibly large ants, that left a large shapeless hole in the wall of the pods (Figure 5) . The parasitoid/bruchid ratios were not statistically different among Palo Verde, Caerphilly and Eumara Springs (pre-and post-dispersal medians: 1; H = 5.41, df = 2, p = 0.067) but highest at Town Common (pre-and post-dispersal medians: 0.5; p < 0.001 for all paired Figure 4 . Boxplot graphs illustrating the sample percentage distribution of pre-dispersal (a) and post-dispersal seed losses (b) owing to predation, germination and other factors at the four study sites after two months (incl. pre-dispersal predation after 1 month) since the start of the fruiting season. Explanation for boxplots cf. Figure 2. comparisons with Town Common). Therefore, H4d was rejected (Table 1) .
The proportion of fallen pods in the wetlands was significantly higher (Mann-Whitney test: p < 0.001) after 1 month as compared to the two rangeland sites, after two months the differences were less marked ( Figure 6 ; H = 11.21, df = 3, p = 0.011). Therefore, H5 was accepted (Table 1) .
Two months after the onset of fruit dispersal median percentages of remaining seeds in seed traps were significantly different among sites (Figure 4 ; H = 93.38, df = 3, p < 0.001). Water imbibition by seeds and subsequent germination or death (most often owing to microbes) was by far the most important factor of seed loss in the wetlands of Town Common, accounting for over 80% of total losses after 2 months (Figure 4 ). This seemed to confirm H6 for Australia where plots at Town Common were at times partially flooded. At Palo Verde it was, however, exceptionally dry with no rain falling during the study period. Hence no seed germination was recorded, and overall H6 could not be accepted during this study (Figure 4 , Table 1 ). At Eumara Springs most losses could not be identified clearly (summarised under 'other loss') ( Figure 6 ). Many pods at this site were dehisced, but very few naked seeds were found in the traps. Seed losses at Palo Verde and Caerphilly were minor and mainly owing to predation ( Figure 6 ).
Relationship between seed bank density and tree age
A regression of seed count (y) against bole diameter (x) was significant at both study sites, Cluden (y = exp (À7.12 + 3.23 ln x) À 1; R 2 = 0.535, p < 0.001) and Caerphilly (y = exp (À7.03 + 4.14 In x) À 1; R 2 = 0.757, p < 0.001). The regression slope was significantly (t = 4.018, p < 0.001) steeper at Caerphilly than at Cluden, while the y-axis intercepts of the regression slopes were not different (t = 0.810, p = 0.423). On this basis H7 and H1b were accepted (Table 1) .
Seed germination characteristics
Seeds collected from the seed bank were significantly lighter than the corresponding tree seeds at Caerphilly and Eumara Springs (both p < 0.001), and at Town Common (p = 0.005), but no significant differences were found at the other two sites (Table 4) . Seeds from Palo Verde showed several differences when compared to the seeds Figure 5 . Boxplot graph of the ratios of pre-dispersal predation owing to different predators after 2 months since the start of the fruiting season. Predation ratios recorded from seed traps were similar to pre-dispersal ratios. Explanation for boxplots cf. Figure 2. from Australian sites. They were regularly ovalshaped, rather than pointed at the ends, paler in colour and fresh seeds from the tree canopy also had a lower average seed mass than fresh seeds in Australia (Table 4) .
Water imbibition was greater at higher temperatures for all seed samples (Figure 7) . The two general univariate factorial ANOVAs revealed significant differences among all factors (temperature, site and source) and interactions (p < 0.001), except for the temperature · source interaction in the first ANOVA (Cluden and Caerphilly only; p = 0.667). At temperatures above 25°C, imbibition percentages were statistically similar among the Australian canopy samples (Cluden, Town Common, Caerphilly, Eumara Springs), but significantly lower for the Costa Rican samples (Palo Verde) (p < 0.001 for all comparisons; Figure 7 ). This supported H8a, whereas H8b was rejected overall (Table 1) . Averaged over all temperatures, imbibition percentages of previous season Cluden seeds and newly harvested Cluden seeds were not statistically different (p = 0.787), and H8c was rejected (Table 1) . At 25°C imbibition percentages were significantly (p < 0.001) lower in soil seed samples than in corresponding tree seed samples at both Cluden and Caerphilly. At higher temperatures, however, imbibition percentages of the Cluden soil seed samples were similar to that of all the Australian tree seed samples, whereas imbibition percentages remained significantly lower (p < 0.001 for all comparisons) in the Caerphilly soil seed samples (Figure 7 ). Hence H8d was accepted, noting the interactions: if considering soil seed sources, H8b may be accepted (Table 1) . Over 90% of the seeds that imbibed water also germinated and viability tests of nongerminated seeds were negative. Figure 7 . Percentages of dormancy breakage (±SD) of seeds after 7 days in water under different temperature treatments (25, 30, 35 and 40°C) . Tree canopy seeds from all sites, and seed bank seeds from Cluden (CLsb) and Caerphilly (CAsb) were tested. Additionally canopy seeds from the previous fruiting season were tested for Cluden (CLold). Percentage germination of scarified seeds was on average above 90% and was not affected by the factors temperature, site or source. Viability tests of non-germinated seeds were mostly negative. Temperature had, however, a significant effect on germination times of all samples (p < 0.001), whereby optimal germination temperature was 35°C for all samples tested (Figure 8 ). So H9 could be accepted (Table 1) . H10 had to be rejected, since Cluden and Caerphilly soil seeds germinated at similar velocities than Cluden fresh and old canopy seeds (Table 1, Figure 8 ). There was a significant site difference (p = 0.045) and site · temperature interaction (p = 0.044) for the analysis of fresh canopy seeds from Palo Verde and from Cluden. This indicates possible acceptance of H8e, even though the differences are weak and arguable (Table 1) .
Discussion
Seed banks and seed losses
Median soil seed densities of the even-structured Parkinsonia stands may be calculated to be about 100 seeds m À2 in the stands at Palo Verde, 5.6 seeds m À2 at Town Common, 50 seeds m À2 at Caerphilly and 33.3 seeds m À2 at Eumara Springs. Those densities were considerably lower than average seed densities observed for some other invasive woody legumes, e.g. in Australia 8500-12,000 seeds m À2 for exotic Mimosa pigra (Lonsdale 1988) , in South Africa about 2000-48,000 seeds m À2 for introduced Acacia saligna and Acacia cyclops (Holmes 1987) , and 6000-32,000 seeds m À2 for Acacia tortilis (Witkowski 2000) , and in Ethiopia 1700-1900 seeds m À2 for Acacia nilotica (Argaw 1999) . As was demonstrated, seed numbers increase exponentially with increasing tree bole (H7), and seed bank comparisons with other leguminous trees are not always straightforward. Yet it is clear that rate of soil seed accumulation is lower for Parkinsonia because of lower seed production per stand area and a higher rate of seed loss. This apparently does not entail a lower invasive potential, since Parkinsonia is in the league of the most noxious woody plants (Humphries et al. 1991) .
Seed banks are mainly explained by the specific germination properties of the local seed populations (H8) in combination with the prevailing climate and other site conditions. Over 80% of seeds were lost by germination/decay at Town Common, which clearly explains the marked differences in the seed bank to the other sites ( Figure 6 ). In normal years germination may also be a significant factor of seed loss at Palo Verde, but germination rate will certainly be lower than at Town Common, in accordance with laboratory results and seed bank observations (Figures 7 and 1) . Equally, the low seedling numbers at the rangeland sites after the rains in October 1998 (H2; Figure 2 ) seem to reflect the comparatively low germinability of seeds in the soil (Figure 7) . Seed production did not vary markedly among sites (Figure 3; H3) , and seed predation only had a minor impact on the total seed budgets during the study periods ( Figure 6 ).
Intrinsic characteristics of seed populations
Seed size and mass are highly heritable characteristics and there is a general tendency for increase in size under increasingly drier environmental conditions (Baker 1972 ). This tendency may hold for the Americas with very large seeds (average of 153-161 mg) recorded from the Sonoran desert of Arizona (Woods 1988) , smaller seeds (average of 98.6 mg) from Maracay, Venezuela (Alvarez Rangel 1984a), and the smallest seeds in the wetlands of Palo Verde (73-77 mg; Table 4 ). Our data suggest, however, that selection pressures within Australia may have been different and more shortterm. Baker (1972) also found that shading and competitive stress are influential factors in promoting increased mean seed weight, particularly for shrub species, which may explain large seed sizes recorded at the two Townsville sites (Table 4) .
The observation that Palo Verde seeds tended to be more spherical in shape and smaller than Australian seeds indicates that parental, genetically controlled effects may be important in explaining the differences in seed permeability. Imbibed seeds of Parkinsonia can still germinate after at least 3 weeks of submersion in water (R.C. pers. obs.). Parkinsonia stands at Palo Verde set seed at the beginning of the dry season (JanuaryFebruary), normally several weeks before the Palo Verde Lagoon, inundated by the Tempisque River, dries out in about January-March. Seeds that break dormancy quickly may, therefore, have less chance of survival, and selection will favour a genotype with low permeability. In North Queensland, pods are ripe at the beginning of the wet season (October-December). Parkinsonia has invaded Town Common in much more recent times. Given that the wet season is shorter at Town Common, and the wetlands are only partially inundated, seeds that germinate immediately may also have an equal or better chance of producing a plant than seeds that remain dormant. Thus, selection will not favour hardseededness.
Very few seeds from the Cluden and Caerphilly soil seed bank germinated at 25°C, while approximately a fifth of Cluden and a third of Caerphilly tree seeds germinated during the first experiment ( Figure 7) . It is possible that dropped permeable seeds will be lost from the seed bank by early germination. This explanation may be important at Cluden, since seed permeability between tree seeds from the present fruiting season and from the previous season was not markedly different (Figure 7 ; H8c). At Caerphilly another explanation is obviously more important: Secondary dormancy of permeable Parkinsonia seeds can be induced under conditions of low humidity and warm temperatures (31°± 10°C) (Alvarez Rangel 1984b) . Soil seeds at Caerphilly were lighter than tree seeds and pale coloured, possibly indicating long exposures of seeds to hot and dry environmental conditions.
The results of the second experiment generally agree with the findings of Alvarez Rangel (1984b) , Everitt (1983) and Teketay (1996) . In contrast to the Australian seed populations, germination times of Palo Verde seeds were, however, not statistically different between 30 and 40°C, and mean germination time was lowest for Palo Verde seeds at 25°C (Figure 8 ). This may be explained by climatic differences between the Australian sites and Palo Verde. At the Australian sites average daily temperatures peak during the wet season (Table 2) . Average daily temperatures at Palo Verde, on the other hand, are more uniform throughout the year (26-29°C) and peak in April in the late dry season (Table 2) . At Palo Verde favourable conditions for germination may, therefore, coincide with a broader range of temperatures which is reflected in a less pronounced temperature response of seed germination than at the Australian sites.
The impact of seed beetles for biocontrol
Seed beetles had a minor impact at Town Common and in the native range at Palo Verde, and also for Eumara Springs and Caerphilly percentages of seed predation (Figure 4) were considerably lower than figures presented by QDNR (1998) . In contrast to our study, which recorded insect emergence holes (i.e. the final predation stage), QDNR (1998) measured the total infestation ratio. It takes 30-40 days from oviposition to adult emergence of P. germaini (Briano 2002) , and 45-60 days of Mimosestes ulkei (Woods 1985b) . Consequently, higher seed ratios were already infested than were recorded. Nevertheless, considering that during this study seed beetles attacked almost exclusively canopy seed sources, and also considering the observed rate of predation increase from the first to the second sampling date (Figure 6 ), total infestation after 2 months was probably below 50% at Caerphilly and Eumara Springs, and below 15% at Town Common and Palo Verde. With a rapid depletion of the canopy seed bank, along with a dramatic build-up of the bruchid population, predation of seed sources on the ground could become increasingly important throughout the year. Evidently, P. germaini does oviposit on seeds that are exposed on the ground, even if canopy seed sources are much preferred earlier in the season. It is likely that beetle populations profit from the large seed banks underneath large trees at Caerphilly during the late dry season. This may explain differences in predation rate between Caerphilly and Eumara Springs (Figure 4 ): both sites are climatically not very different, but the infestation at Eumara Springs is smaller and there are no large trees with large seed banks. It can therefore be assumed that there is already a larger bruchid population at Caerphilly at the start of the fruiting season that can multiply faster. For those reasons, biocontrol may be efficient at a site like Caerphilly. With regard to management the question remains, whether seeds that escaped predation in the canopy, will also escape predation on the ground. This may depend on several factors like timing and amount of precipitation. A long-term monitoring programme that also focuses on predation later in the year will be necessary to answer these questions.
The poor performance of bruchid populations at the wetlands (Figures 4 and 5) is mainly explained by a low reproductive success and a low population growth rate during fruit dispersal time ( Figure 6 ). Reproductive success of seed beetles is not only reduced by mortality of beetles and larvae (e.g. by drowning and parasitism). Loss of bruchid eggs by predation or by physical factors (e.g. high rainfall) can be equally important. Traveset (1991b) , for example, reported about 50% ant predation and 30% other loss of bruchid eggs on Acacia farnesiana in Costa Rica. There were clearly many ants at Town Common, which also had a direct impact on the seed budget of Parkinsonia ( Figure 5 ). The low accessibility and availability (at Town Common) of soil seed sources during the late dry season may also limit success of bruchid populations in wetlands, where seeds are virtually buried in wet mud. Bruchid predation after 1 month was, however, similar between Town Common and the rangeland sites (Figures 4 and 5) .
At Palo Verde pods on the ground were not attacked by the native Mimosestes spp. (c.f. Introduction), and given that almost 50% of seeds after one month and 90% after 2 months had dropped from trees many seeds escaped predation ( Figure 6 ). Seed drop was slower at the two rangeland sites than in the two wetlands, making it easier for P. germaini to exploit seed sources and increase in population size (Figure 6 ). M. ulkei was no longer recorded during this study, while it was still found at Town Common in 1997/1998 (C. Lockett, pers. comm.). It was probably outcompeted by P. germaini. That it survived longest at Town Common indicates, that its reliance on canopy seeds was its disadvantage. It is notable that in October before the new fruiting season, canopy seeds were found only at Cluden (and a few at Town Common), but virtually all seeds were consumed at Caerphilly and Eumara Springs, even though more pods were hanging on trees. Correspondingly, the native Australian moths which also seemed to depend on canopy seed sources were only found in significant numbers at Town Common ( Figure 5 ). There may be an evolutionary explanation for the fact that Mimosestes spp. almost exclusively use canopy seed sources. Reproductive investment in seed sources on the ground may be too much at risk from flooding at wetland sites. P. germaini is native to semi-arid parts of Argentina (Briano 2002) where risk of flooding is probably less eminent. Thus using soil seed sources, particularly during the dry season, could be an adaptive advantage.
In comparison to Town Common, parasitoids were not prominent during the study period at Palo Verde, Caerphilly and Eumara Springs ( Figure 5 ). Predation pressure on bruchids by parasitoids may increase later in the year, after a build-up of the parasitoid population. It is, however, unknown whether D. simus and S. bruchivorus oviposit on infested seeds on the ground. Urosigalphus sp., a parasitoid of M. mimosae, was observed to oviposit on pods on the ground, but infested pods in the canopy were much preferred (Traveset 1991a) . D. simus is a native Australian species that parasitises several native bruchid species (G. Donnelly, pers. comm.) . Its population dynamics will also be influenced by bruchid population dynamics of other leguminous plants that occur in the area. Three parasitoid spp. of P. germaini were recorded by Briano (2002) in Argentina, which accounted for less than 5% of parasitism rate. This rate is clearly lower than parasitism at Town Common (ca. 39%), but similar to the other sites (ca. 4-12%) ( Figure 5 ).
The causes of almost 50% seed loss at Eumara Springs were unclear (Figure 4) . The proportion of pods that dehisced was high at this dry and open site. Numerous seeds seemed to have fallen from the pods as large numbers of empty, dehisced pods, and husks of destroyed seeds were recorded in the seed traps. Possibly seeds that dropped onto the ground may have been cleaned up by ants. It is likely that a certain proportion of seed predation by P. germaini at Eumara Springs remained undetected and was recorded as 'other seed loss'.
Consequences for management and suggestions for further studies
Seeds from the seed bank will be triggered to germinate under favourable, wet conditions, particularly after vegetation clearance when soil temperatures have increased. Suitable wet conditions are less frequent at the rangeland sites than in wetlands (Table 2) . Furthermore, at temperatures higher than 25°C, release of dormancy was considerably quicker for soil seeds collected at Cluden (wetland) than for those collected at Caerphilly (rangeland) (Figure 7 ). Thus depletion of the seed bank after vegetation clearance would be much faster at the Townsville sites than at the Charters Towers sites, where seeds will be lost slowly from an already very large seed bank (Figure 2) . Consequently, the potential for conventional control of Parkinsonia by spraying appears to be considerably higher for the Townsville wetlands. It may be expected that large numbers of seedlings would germinate within one or two years of the vegetation being cleared, necessitating follow-up treatments of seedlings with herbicides or the use of fire. Two to three years after these treatments it should be possible to target seedlings individually. Greatest reduction in seed banks after vegetation clearance was, for example, observed within 1-2 years in the case of Acacia cyclops, whereas post-clearance seed banks declined at a constant yearly rate of 12% in the case of Acacia saligna (Holmes 1987) . Laboratory germination rates of untreated A. cyclops seeds were three times those of A. saligna (Holmes 1987) . The use of postclearance fire appears to be an effective management tool to reduce the seed bank of invasive woody legumes. Up to 95% of seeds germinated or died after fire in the seed banks of A. saligna (Holmes 1988) , and over 70% in the seed banks of Acacia longifolia (Pieterse and Cairns 1986) . In a field experiment by Woods (1988) , all Parkinsonia seeds were killed by fire on the ground surface, but seeds buried at 2 cm depth were not affected.
The knowledge that a much larger seed bank can be found underneath older trees may have important implications, since the risk of re-infestation from the seed bank is higher and exists for longer from underneath larger trees. Seed rain as measured per unit area may, however, be similar from younger Parkinsonia stands. In situations where management resources are limited it may, therefore, be sensible first to target younger trees that still have a low and 'manageable' seed bank. Single trees and small outlying stands should be targeted first, since, as illustrated by Moody and Mack (1988) , it is these outliers that contribute most to the spread of plant invasives.
Conventional control of Parkinsonia at a site like Caerphilly, where a massive seed bank is present, seems unfeasible with limited resources. Efforts need to concentrate on containing the spread of the invader into un-infested areas. Management by improved pastures may be effective during most years away from waterways (Vitelli and Donnelly 1995) . At Caerphilly it would be unwise to eradicate Parkinsonia using conventional means. Not only would this lead to a costly, long-term re-infestation problem, but it would probably also affect the bruchid population, that now seems to thrive from an abundance of seeds at this site.
It is possible that P. germaini populations will at least slow down the spread of Parkinsonia in the drier regions of its range in Australia, even though its impact may have been over-estimated. As mentioned earlier, a longer-term study should investigate post-dispersal seed predation later in the season, to give reliable estimates of total yearly predation losses by bruchids. Population dynamics should also be monitored over several years, whereby management efforts and monitoring programmes should be closely linked. As P. germaini was released in Australia in 1995, it was, presumably, too early to observe any impact on the soil seed banks. Later surveys of seed bank densities at sites like Caerphilly may yield different results.
While biocontrol shows some promise for limited success at Caerphilly and Eumara Springs, it would be naı¨ve to rely on it at Town Common, where Parkinsonia infestations have been spreading rapidly in the past few years. Quick action by conventional means is appropriate when the infestations are still small and seed banks low. A similar recommendation may be given regarding the situation in the Palo Verde Lagoon, although the seed bank can be expected to be more durable than at Town Common. At Palo Verde, eradication of Parkinsonia is more complex since its invasion into the wetlands follows the invasion of the Eurasian weed Typha dominguensis (cattail). McCoy and Rodriguez (1994) considered that the cattail invasion of the Palo Verde Lagoon resulted from the elimination of cattle from the lagoon after National Park declaration in 1980. It has, on the other hand, been suggested (M. Quesada, pers. comm.) that hydrologic changes in the lagoon are implicated, which are ultimately traceable to increased water withdrawal from the Tempisque River for use in upstream paddy fields.
Our study was conducted during only one year. It is, however, well known that particularly insect populations can vary considerably with time (Cappucino and Price 1995). For example, in Botswana bruchid infestation levels on Acacia nilotica varied from 61% in 1983 to only 7.6% in 1988, on Acacia tortilis from 48% in 1987 to 11.9% in 1988 (Ernst 1990 ), on Acacia tortilis in the Serengeti apparently even from 74 to 99.6 % in the early 1970s to only 5% in 1980 (Midgley and Bond 2001) . These studies, however, reported only on infestation levels. Any bruchid monitoring programme that is actually designed to determine and quantify the causes of population variation in space and in time could contribute greatly to scientific understanding of bruchid population dynamics and interactions with their host plant.
